We fabricated ambipolar field-effect transistors (FETs) from multi-layered triclinic ReSe 2 , mechanically exfoliated onto a SiO 2 layer grown on p-doped Si. In contrast to previous reports on thin layers (~2 to 3 layers), we extract field-effect carrier mobilities in excess of 10 2 cm 2 /Vs at room temperature in crystals with nearly ~10 atomic layers. These thicker FETs also show nearly zero threshold gate voltage for conduction and high ON to OFF current ratios when compared to the FETs built from thinner layers. We also demonstrate that it is possible to utilize this ambipolarity to fabricate logical elements or digital synthesizers. For instance, we demonstrate that one can produce simple, gate-voltage tunable phase modulators with the ability to shift the phase of the input signal by either 90 o or nearly 180 o . Given that it is possible to engineer these same elements with improved architectures, for example on h-BN in order to decrease the threshold gate voltage and increase the carrier mobilities, it is possible to improve their characteristics in order to engineer ultra-thin layered logic elements based on ReSe 2 .
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In contrast to other more intensively studied layered dichalcogenides such as Mo(S,Se) 2 or W(S,Se) 2 , which display a transition from an indirect to a direct band gap when exfoliated down to the monolayer limit 8 , the Re-based TMDCs show nearly layer-independent (ReS 2 ) 9 , or very weakly layer-dependent (ReSe 2 ), optical and vibrational properties 6 . This has been interpreted as evidence for an extremely weak inter-planar coupling although angle resolved photoemission spectroscopy observes an out-of-plane electronic dispersion, indicating that in fact the interlayer coupling in ReSe 2 is appreciable 10 .
However, their triclinic symmetry makes both compounds optically biaxial, resulting in an anisotropic planar response with respect to the optical polarization 3, 11, 12 . The Raman-active modes of thin layers of both compounds have also been found to be anisotropic [13] [14] [15] [16] [17] [18] [19] .
According to Density Functional Theory (DFT) calculations, bulk and monolayer ReS 2 have nearly identical band structures with direct bandgaps of 1.35 eV and 1.44 eV, respectively 2 . These values are relatively close to those extracted from high resolution electron energy loss spectroscopy, which finds direct band gaps of 1.42 eV and of 1.52 eV for bulk and monolayer ReS 2 , respectively 17 . In contrast, the DFT calculations in Ref. 19 indicate that ReS 2 displays an indirect band gap that is very close in energy with respect to the direct one in the bulk and also in monolayers. Photoemission in Ref. 10 suggests that ReSe 2 would also possess an indirect band gap at all thicknesses which is consistent with Local Density
Approximation calculations revealing gaps of 0.92 eV for the bulk and 1.22 eV for monolayer. 3 However, photoluminescence measurements at T=10 K coupled to GW and Bethe-Salpeter calculations find that the bandgap of ReSe 2 increases as the number of layers decreases, displaying values of 1.37 eV for the bulk and of 1.50 eV for the monolayer, while maintaining a direct band gap and independence of the number of layers 3 . In comparison with the other TMDCs crystallizing in 2H-phase, a direct band gap approaching ~ 1.5 eV would make these compounds particularly appealing for photo-sensing and photovoltaic applications (according to the Shockley-Queisser limit). However, as seen from the above results, the 3 nature of the band gap in ReSe 2 , i.e. direct or indirect, remains unclear. To date, there are no reports on room temperature PL from ReSe 2 . Despite our multiple attempts, we were also unable to collect room temperature PL data from this compound, although we can easily extract a PL signal from those compounds crystallizing in the 2H structure, which are known to display an indirect band bap in the bulk 8 . This observation is particularly difficult to reconcile with a direct band gap.
Nevertheless, photodetectors 20 for instance, we demonstrate that it is easy to produce very simple, gate-voltage controlled AC-voltage phase modulators as previously reported for ReS 2 24 .
Results and Discussion
Figure 1a displays a scanning transmission electron microscopy (STEM) image of one of our exfoliated ReSe 2 single-crystals. The high crystallinity of these crystals is confirmed by the electron diffraction pattern collected along a direction perpendicular to the planes or along the
[001] direction (see Figure 1b) . Given its structural symmetry and similarity to ReS 2 , ReSe 2 also tends to exfoliate in the form of nearly rectangular flakes 18, 19 , as seen in Figure 1c , which shows a micro-image of the ReSe 2 flake exfoliated onto a 285 nm thick SiO 2 layer grown on p-doped Si. As shown in the inset, according to atomic force microscopy (AFM) the thickness of the exfoliated crystal shown in 1c is approximately four atomic layers for an inter-planar lattice separation c = 0.6702 nm 5 . Figure 1c shows a micro-image of the ReSe 2 flake exfoliated onto a 285 nm thick SiO 2 layer grown on p-doped Si. Figure 1d shows the same crystal after the deposition of the electrical contacts, i.e. 50 nm of Au on 5 nm of Cr. The electrical contacts were deposited using standard e-beam lithography and e-beam evaporation techniques. This configuration of six contacts allows one to measure the Hall-effect to extract the Hall-mobilities which will be reported elsewhere. Figures 1e and 1f display the experimental Raman scattering spectra for a monolayer and a five layer crystal, respectively.
Their expected theoretical spectra, from which we index the peaks in Figure 1e , are shown in Figure 1g . In order to compare with the experimental Raman results, ab-initio density functional theory (DFT) and density functional perturbation theory (DFPT) calculations were performed for monolayer and bulk ReSe 2 as implemented in the plane wave code CASTEP 25, 26 . The starting structure for the bulk crystal was obtained from Lamfers et al. 27 . Monolayer, few-layer and the bulk crystal exhibit just inversion symmetry and belong to the space group. Local density approximation (LDA) using the Ceperly-Alder- Figure 1e we have labeled the Raman peaks in a sequence from low to high frequencies as A g with increasing exponent number. In the Supplementary Information, we included a table, i.e. Table S1 , which provides the calculated phonon frequencies for all the bulk and monolayer Raman modes. As T is lowered, one needs to reach progressively higher threshold gate voltages V t bg to observe carrier conduction. We have observed this increase in V t bg in most of the TMDs we The mobility values for the n = 10 sample were considerably higher than those previously reported for multilayered samples, which have been found to display electron- 
where A is contact area of junction, A* is the two-dimensional equivalent Richardson constant, n is an exponent acquiring a value of either 2 for a three dimensional semiconductor or of 3/2 for a two-dimensional one 40 , q = e is the electron charge, φ SB is the Schottky barrier Transistors displaying ambipolar behavior could be useful for applications in telecommunications since they could simplify circuit design or improve the performance of signal processing. For instance, we demonstrate that the ambipolarity of ReSe 2 can be useful for the development of a phase shift modulator. For instance, Figure 5 displays the response 11 of a n = 4 ReSe 2 based field-effect transistor, connected in series to a load resistor, upon the introduction of a sinusoidal modulation superimposed on its back-gate voltage, which we rename as the input-voltage, or V in = V bg + V ac (≅ 1.5 V). The readout oscillatory voltage V out is collected at a point located between the load-resistor, in this case R load = 100 kΩ, to which we apply a load voltage V dd = 50 mV with respect to the ground, and the FET (see schematic of the circuit in Figure 5a ). Remarkably, we observed a phase shift of ~ π/2 for V bg = 0 V which we attribute to the very high impedance of the FET for gate voltages inferior to the respective threshold gate voltages for conduction. The lack of a sizeable conductivity, or of a real component in the FET impedance, implies that its impedance is dominated by an imaginary component associated with, for example, the gate capacitance or capacitive and/or inductive couplings at the level of the contacts. Since the frequency is the rate of change of the phase, phase modulators can be used for frequency modulation (FM), and in fact they are employed in commercial FM transmitters. In addition to a phase shift modulator, the ambipolarity of ReSe 2 can also be useful for the development of static voltage inverters, for example, by combining a ReSe 2 -based FET gated to display p-type behavior with another one gated to behave as n-type 2, 44 -46 .
In supplementary Figure S6 we included the phase-shift as a function of the gate voltage for a second sample having approximately 10 layers. Hence, this behavior is reproducible among samples having a different number of layers.
Conclusions
In conclusion, given that the only symmetry operation present in the monolayer, fewlayer and bulk ReSe 2 was inversion symmetry, our Raman study coupled to density functional theory calculations indicated that their Raman spectra contained only modes belonging to the A g irreducible representation. In addition and also in contrast to our previous studies on the isostructural ReS 2 compound 18 , which was found to behave as an electron doped material, Although our results point to considerably higher mobilities for the samples composed of n = 10 layers, one should take this observation with a grain of salt. For example, through a combination of measurements and simulations Das and Appenzeller concluded that fourterminal measurements would not be able to extract the intrinsic mobility of layered transition metal dichalcogenides given that both their carrier concentration and mobility become spatially dependent 49 . In addition one could also argue that we have not etched our crystals in a Hall bar geometry thus the metallic contacts deposited on the channel could affect its properties yielding incorrect values for its intrinsic mobility. However, we obtain comparable values for the 2-and the 4-terminal mobilities extracted for the n = 4 samples as well as similar values for 2-and 4-terminal mobilities for the n = 10 samples below T ~100 K. These observations strongly suggest that the higher mobilities for the n = 10 samples are intrinsic and do not a result from an artifact associated with the geometry or position of the contacts.
The ambipolarity of ReSe 2 , when contrasted to the electron-doped behavior of ReS 2 , bears resemblance with the 2H-phase compounds MoSe 2 and MoS 2 , where the former was reported by us as being ambipolar 50 while the second is well-known for behaving as electron doped. In TMDs, the nature of the carrier conduction, i.e. electron-or hole-like, is usually attributed to Fermi level pinning associated with the Schottky barriers around the metallic 14 contacts 51 . However, it seems difficult to reconcile this scenario with the differences in crystallographic and electronic structures between all of these compounds. Instead, it suggests that the electron character of MoS 2 and ReS 2 is intrinsically associated with the density of sulphur vacancies 52 . In any case, as we showed here, the ambipolarity of TMDs like ReSe 2 , allows one to produce quite simple logic elements having, for example, the ability to tune the phase of an incoming oscillatory signal towards 90 o or 180 o with the application of a single input voltage. It is therefore clear that these compounds have a remarkable potential for flexible logic applications. The current challenge is to understand and control the parameters limiting their performance, such as material quality, passivation, and Schottky barriers, in order to engineer commercial applications based on transition metal dichalcogenides.
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